The design and fabrication of our compact precision optical displacement sensor (PODS) are based on the newly developed ultra-thin film photodiode with its active layer thinner than a half of the incident light wavelength. In this paper, a detailed description of the principle, design, fabrication process and performance of PODS for application in both smooth and rough surfaces will be given.
Introduction
The precision optical displacement sensor (PODS), a singlebeam optical interferometer here, is a good choice for surface profiling, thin film thickness monitoring and precision displacement measurements because of its resolution. Optical interferometers are instruments that can precisely measure objects using the interference pattern of two waves of light. Laser interferometry is a well developed technique for vibration measurement, surface metrology and material evaluation since it gives no contact method [1] [2] [3] [4] [5] . With a beam splitter necessary to divide the light into two waves in it, a Mach-Zehnder interferometer produces interference between phase coherent light waves that have travelled over different path lengths. Due to its small size, adjustment of no alignment, and probably low cost, a compact PODS is of high application flexibility and can be installed in various types of industrial equipment. However, because of the poor performance of integrated PODS in signal amplitude, contrast and the dynamic range of measurable distance, use is not widespread though there is a great demand for it. What is accepted now is still a 3 Author to whom any correspondence should be addressed. bulky sensor that is limited to application in huge and expensive equipment (e.g. stepper, electron-beam exposure equipment) for financial reasons.
The approach for building the compact PODS has been based on the miniaturization of two-beam interferometers using the waveguide technique and optical feedback technique [6] [7] [8] . The basis is the integration between the backscattered sensing beam by moving the sample and the optical field inside the laser diode. Since only one optical arm is needed, the optical configuration is very simple. However, the dynamic range of the measurement is limited by the mode hopping of the laser diode and the lack of stable operation.
The compact PODS configuration we propose is illustrated in figure 1 . The ultra-thin film photodiode plays a key role in standing wave detection for displacement sensors. The optical set-up simply produces the standing wave by a mirror inserted in the ultra-thin film photodiode and the configuration is as simple as that of the optical feedback technique. The number of optical arms is reduced to one whereas the usual two-beam interferometer requires two. Since the standing wave is produced using only one reflection mirror and one optical arm, the PODS detecting the standing wave is suitable for a small sensor. This advantage is still valid when the reflection becomes speckled due to a rough surface. In industrial application, the object usually has an optically rough surface, causing random scattering. The fringe in speckle PODS is generated by superposing the speckle patterns obtained before and after the object displacement. Statistical image processing, however, is usually necessary to extract the displacement. The PODS detecting the standing wave inside the speckle pattern is also possible with the condition that the signal can be obtained.
In this paper a PODS system based on the newly developed ultra-thin film photodiode such that its active layer is thinner than a half of the incident light wavelength is described. The properties of their interference signals are investigated.
Principle and designs
A schematic diagram of the proposed interferometer using thin film photodiodes based on standing wave detection is shown in figures 1(a) and (b). The interferometer consists of a laser (including a collimation lens), an isolator (including a λ/4 plate and polarizer) and a newly developed thin film photodiode. Fixed on a PZT actuator, the reflection mirror is supposed to move with it. The active layer of the photodiode, which absorbs the photons, is designed for transmitting nearly all incident light beams. In our design, less than 1% of the incident light beam is estimated to be absorbed. Most of the incident light beam transmits through the photodiode before being absorbed, travels to the mirror on the moving object and returns to the thin film photodiode. The incoming and reflected light beams superpose each other and generate a standing wave penetrating the active layer. The period of the standing wave is λ/2n (λ is the wavelength of the incident light, n is the refractive index of the media). Having a node on the reflection mirror, the intensity profile of the standing wave is spatially fixed to the reflection mirror. If the active layer has the appropriate thickness with a thickness m * λ/4n (m = 1, 3, 5 . . .) then the intensity profile of the standing wave can be resolved. The signal decreases when the photodiode is at the node of the standing wave and increases when the photodiode is at the antinode. The relative position between the thin film photodiode and the mirror decides the photodiode signal. This interference signal determines the displacement between the ultra-thin film photodiode and the moving sample using the standing wave as the criterion. Therefore, neither the reference mirror nor the beam splitter is necessary in this interferometer. The wavefront of the incoming laser beam serves as the reference. Optical isolators are devices for eliminating light that is backreflected into lasers in optical systems. The optical isolator we use in our experiment is a quarter waveplate and polarizer (CASIX, Inc.). Since a laser beam having a large diameter can be used inside the sensor system, the beam expansion due to diffraction is small, and the measurement of a long distance up to the coherent length of the light source will be possible. In addition, a dual photodiode integrated with a phase shifter is fabricated to detect the displacement direction. The phase difference of π/2 can be introduced between two interference signals obtained from the two photodiodes by inserting a phase shifter in front of one of the two photodiodes (see figure 3) . The distance between the two photodiodes for π/2 phase-shifting to distinguish the moving direction of the test surface along the optical axis is about 50 nm.
The active layer thickness (depleted region thickness, whereas all the silicon layer is 60 nm in thickness) is designed to be 40 nm in order to obtain enough spatial resolution to the standing wave. Since it is difficult to integrate a p-n junction of a photodiode in the longitudinal direction inside such a thin film layer, we designed a p-n junction in the lateral direction in the silicon film.
In most practical measurement cases, the surface of the object is optically rough and the reflection from it becomes speckled, involving many different wavefronts, one of which will be parallel to the incident light. By superposing it with the incident laser beam, a standing wave will occur in a small granular spot. Figure 2 shows the principle of the interferometer detecting the standing wave inside the speckle. This interferometer simply consists of thin film photodiodes and a laser light source. Compared with that in the configuration of the interferometer shown in figure 1(a) , the isolator in this case is removed. This may work in the tested situation but it is not the recommended approach. As with all random processes one will end up with the situation that light will come back totally coherent, in which case the laser will destabilize as usual. The photodiode is so thin as to allow the incoming light to pass through. The reflected light from the object having the rough surface generates a speckle field that interferes with the incident light and generates the interference fringe of the standing wave. A signal will be obtained in a bright speckle spot. With the transparent thin film photodiode placed in the bright granular field, the displacement can be measured from the photodiode current when the interference fringe moves with the object. Although the phase of the interference fringe in the speckle is distorted randomly on a large scale, the displacement can be monitored by measuring a phase change in the limited area of a single speckle. From the feature of the standing wave, the modulation technique can be applied in a simple manner. When the thin film photodiode is moved along the propagating direction of the laser beam, the signal phase changes. This is also contrastive, since the interference fringe is fixed to the propagating direction of the laser beam in the usual two-beam interferometer. The small signal buried in a large offset can be extracted. When the bright speckle spot moves and the dark spot overlaps on the photodiode area, the interference signal decreases. In order to increase the probability of overlapping with the bright speckle field, it is better to increase the number of photodiodes.
When the degree of roughness of an object is larger than the wavelength of the incident light, the statistical size of the speckle granular structure will not be decided by that. In such a case, the length of the granular structure along the optical axis is given statistically by τ and the width is also represented by τ in the diffraction field [9] .
Electrode Phase e shi shift ter Here, λ is the wavelength of the incident light, a is the laser spot size on the object surface and f is the distance from the object. Supposing the value of a = 1 and f = 30 mm respectively, τ = 3.57 mm and τ = 11.47 µm at the wavelength of 632 nm. This means that the displacement up to τ can be measured without changing the granular spot for detecting the standing wave on average. 3.57 mm is of small value but may be useful for displacement measurement.
Sensor fabrication
The fabrication sequence of the ultra-thin film photodiodes is shown in figure 3 . With a layer thinned to 60 nm, the initial silicon on insulator wafer is prepared by direct wafer bonding between silicon and quartz. The comb-shaped window is opened by lithography, through which arsenic and boron ions are implanted to make a pn junction. After annealing and oxidization, etching for making the contact hole and aluminium electrode formation are carried out. At the end, the phase shifter is prepared by etching the quartz. This final process can be omitted when detecting the standing wave inside the speckle. The fabricated dual thin film photodiodes with 4 µm pitch comb shape are illustrated in figure 4 . The p + and n + regions have a comb shape. The depletion region grows laterally between the p + and n + regions. This design attempts to lengthen the depleted region and gather as many photo-carriers as possible. The estimated thickness of the silicon active layer is about 40 nm and the actual size of the active area of the transparent photodiode is 1 mm × 1 mm. Figure 5 shows typical current-bias voltage curves of the thin film photodiode, which are measured under illumination with different incident powers. The photodiode sensitivity is about 0.75 mA W −1 and is about 1/1000 of the usual bulky silicon photodiode. The bandwidth of the electronics used for the photodiode is 600 kHz. We also fabricated four cell type photodiodes using the same processes for detecting the standing wave inside the speckle, in which each photodiode has 30 µm × 30 µm sensitive area. 
Experiments and results

Detecting the standing wave generated by a flat mirror
The experimental set-up is arranged as that of figure 1(a) . The light source is a red helium-neon laser (632.8 nm, 7 mW) and the fabricated photodiode having a periodic electrode of 40 µm in pitch is used as a detector. The reflecting mirror is placed about 30 mm away from the thin film photodiode and moved 2 µm by a PZT actuator. Figure 6 shows the two analogue signals in the form of the sine and cosine of the phase obtained from the fabricated dual photodiode combined with a phase shifter. The solid plot is the signal from PD1 and its longitudinal axis is on the left-hand side, and the dashed plot PD2 on the right-hand side. The signal with a period about 310 nm and an amplitude about 1 µA agrees well with half of the wavelength of the light source. The phase shift fits well with the designed value of 90
• . The contrast reaches 56% at maximum, when it is simply judged from the maximum and minimum signal magnitudes. The signal magnitudes of PD1 and PD2 are different due to the difference in optical path in the thin film photodiode. The relative phase of the two signals is directly proportional to position. Using this phase relation, the moving direction of the mirror can be determined. Figure 7 illustrates an example of speckle interference signals obtained directly from the four-photodiode detector as a faction of the displacement. The interference signal is less than 10 nA in peak-to-peak amplitude and about 1% in contrast. The signal is sinusoidal in shape. The rough surface decreases signal magnitude; on the other hand, it makes the multiple reflections negligible and the alignment between the thin film photodiode and the object easy. Even when the object is slanted to the photodiode, a signal can be obtained, since almost all wavefront directions are included in the speckle field. The interference signal can be selectively extracted from the large offset using the sinusoidal phase modulation technique [10] . Figure 8 illustrates the influence curve of the relative angle between the photodiode and the test surface. When the thin film photodiode is slightly slanted (0.5 mrad), the contrast is changed sharply. Figure 9 shows the estimated displacement as a function of the voltage applied to the piezoelectric actuator. The measured value agrees well with the expected linear motion obtained from the characteristics of the piezoelectric actuator. The displacement can be detected with a precision of ±30 nm in the range of 2 µm. The actuator does not move when the voltage is less than 5 V. The displacement is repeated at different positions from the object.
Detecting the standing wave inside a speckle field generated by a rough surface
Conclusions
A new PODS employing an ultra-thin film photodiode is demonstrated. The system is constructed using a laser, an isolator (combination of a polarizer and a λ/4 waveplate) and the ultra-thin film photodiode. The transparent thin-film photodiode sensor, which was fabricated by micromachining techniques, detects interference in space. The principle is based on detecting a standing wave even in a speckle field.
